Void formation in semiconductors is generally considered to be deteriorating. However, for some systems, void formation and evolution are beneficial and can be used for the fabrication of novel nanostructures. In either scenario, the understanding of void formation and evolution is of both scientific and technical high importance. Herein, using ZnS ribbons as an example, we report real-time observations of void formation and the kinetics of growth at the nano-and atomic scales upon heating. Direct imaging reveals that voids, created by a focused electron beam in wurtzite (WZ) ribbons, have a rectangular shape elongated along the <0001> direction. The voids are enclosed by low-surface-energy planes including {01−10} and {2−1−10}, with minor contribution from the higher-energy {0001} planes. Driven by thermodynamics to minimize surface energy, the voids grow straight along the [000±1] directions, exhibiting a strong anisotropy. Occasionally, we observe oscillatory kinetics involving periodic void growth and shrinkage, likely due to the fluctuation of the local chemical potential leading to a transitional kinetic state. We also reveal that the morphology and growth kinetics of voids are highly structure-dependent. Real-time observation during void growth through the complex WZ-zinc blende (ZB)-WZ structure shows that the void, with an initial elongated rectangular morphology in the WZ domain, transforms into a different shape, dominated by the {110} surfaces, after migrating to a domain of the ZB structure. However, when the void moves from the ZB to the WZ domain, it transforms back into a rectangular shape followed by fast growth along the [0001] direction. Our experimental results, together with density functional theory (DFT) calculations, provide valuable insights into the mechanistic understanding of void formation and evolution in semiconductors. More importantly, our study may shed light on new pathways for the morphological modulation of nanostructures by utilizing the intrinsic anisotropy of void evolution in WZ semiconductors. † Electronic supplementary information (ESI) available. See
Introduction
Post-growth annealing is an important technique used to modulate and tune the physical properties of semiconductors. 1 Thermal treatment becomes operative above reconstruction temperatures, where the diffusion processes of atoms in the crystal lattices set in. 2, 3 The changes effected by annealing are improving the crystallinity, 4 activating dopants, 5 healing defects, 6 releasing strain, 7 and modifying morphology, composition and structure, [8] [9] [10] etc., depending on the nature and state of the semiconductors.
Annealing can also lead to unwanted side effects, such as the formation of so called "annealing voids" within the matrix. 11 These voids are three-dimensional clusters of vacancies, which evolve through capturing or emitting vacancies on the void surfaces. 12, 13 In most cases, one would try to suppress void formation because they tend to induce deleterious effects and cause structural failure. 13 There are, however, specific cases in which void formation is beneficial and can be used for the fabrication of nanostructures. 14 Through the interplay with crystallography, controlled void formation may serve as a means to produce nanostructures with desired morphologies that are usually difficult to achieve by direct bottom-up synthesis. 15, 16 In our previous work, we realized the direct transformation of bulk II-VI semiconducting crystals into crystallographically oriented nanowire arrays by taking advantage of a process typically seen as devastating. 14 Here, the anisotropic growth of voids (or holes) through semiconductor crystals upon thermal annealing led to the desired transformation. However, due to lack of atomic level understanding of void formation and evolution, fine control is still lacking. The atomic process of void-mediated morphological transformation in semiconductors, which can only be captured by real-time imaging at the atomic scale, has so far not been revealed.
Herein, we report in situ transmission electron microscopy (TEM) experiments performed on planar ZnS ribbons. Using atomic-scale imaging, we were able to monitor the kinetics of void evolution upon heating. In addition to the observation of anisotropic void growth, the oscillatory kinetics of void growth and shrinkage, as well as crystallography-governed void morphological transformation, have been revealed.
Materials and methods
ZnS ribbons were synthesized by a H 2 -assisted thermal evaporation method in a tube furnace. The details of the synthetic process can be found in our previous work. 17 SEM images were obtained by using a Hitachi S-4800 scanning electron microscope equipped with a field emission gun. In situ heating experiments were performed inside an aberration-corrected FEI 80-300 transmission electron microscope operated at 300 kV. The TEM samples were prepared by drop casting a few drops of suspensions onto a Micro-Electro-Mechanical System (MEMS)-based heating chip, which was later mounted into a low drift TEM heating holder (DENSsolutions). In situ TEM movies are shown at 7(M1), 5(M2), 10(M3), 7(M4), and 5(M5) frames per second. All the movies were recorded at 600°C.
DFT calculations were performed with the PBE exchange and correlation potential 18 using the Quantum ESPRESSO (QE) package 19 using the Zn ultrasoft pseudopotential (USPP) from the original QE library and the S USPP from the PS library. 20 A kinetic energy (charge density) cutoff of 30 Ry (300 Ry) was employed. Surfaces were modeled as symmetric slabs where the central 2 layers were held fixed during ionic relaxation and periodic images were separated by ca. 15 Å of vacuum. In all the cases, we ensured that the surface energies were converged within 5 meV Å −2 with respect to slab thickness and k-point meshes-up to (16 × 16 × 16) for the WZ unit-cell-while using cold smearing 21 with a smearing parameter of 0.001 Ry. The surface energies were computed as:
where A is the area of the surface and the factor of two accounts because each cell has two equivalent surfaces. E slab is the total energy of the slab with N ZnS bilayers, E bulk is the total energy of the bulk system, N Zn (N S ) is the number of additional Zn (S) atoms-only relevant to the polar surfaceswith energy E Zn (E S ) taken from a well-converged calculation of the bulk element. The surface energies defined in this way were used to construct thermodynamic equilibrium shapesthe Wulff shape.
Results and discussion
The ZnS ribbons used in our experiments were synthesized by a thermal evaporation method as reported elsewhere by our group. 17 The ribbons are about several tens of microns long and 1-7 microns in width, with a typical thickness of about 90-120 nm ( Fig. S1 †) . The TEM overview and the corresponding high-resolution TEM (HRTEM) image in Fig. 1a and b show a ribbon that is oriented along the [0001] direction of the WZ structure. It has a well-defined geometry with rather smooth surfaces, indicating good crystallinity. The marked lattice fringes, with d-spacings of 0.63 and 0.38 nm, correspond to the (0001) and (01−10) planes of the WZ structure. While a majority of the ribbons are purely WZ-structured ( Fig. 1a and b ), ribbons with structural polymorphism were also observed. Fig. 1c shows an HRTEM image of a ribbon containing both the WZ and ZB phases. Structural analysis reveals that the two phases have an orientation relationship, that is,
In order to investigate the kinetic process of void formation and evolution in ZnS ribbons upon annealing, we performed in situ heating experiments inside the TEM column using a Micro-Electro-Mechanical System (MEMS)-based heating holder (see Fig. 2a ). The heating chip ( Fig. 2b and c) contains a suspended SiN x ceramic thin membrane with an embedded metallic spiral coil as the heater. The ceramic contains small elongated holes across which the ribbons were suspended for background-free TEM imaging. It was found that the ZnS ribbon remained stable upon heating (at 600°C) and electron beam irradiation (1.3 × 10 5 e per nm 2 per s); no quantitative variations were observed except for slight carbon contamination on the surface (Fig. S2 , ESI †). However, when a focused electron beam was applied on the ZnS ribbon for several seconds during heating ( Fig. 2d ), significant structural changes occurred (note: during imaging, the electron beam was spread again). A number of well-aligned, rectangularshaped structures appeared in the region where the ZnS ribbon was pre-irradiated by a focused beam ( Fig. 2f ). These structures show a very different image contrast compared to the other regions of the ribbon, which was characterized due to the formation of voids ( Fig. S3 †) . Because of the fast kinetics, the void nucleation process was not captured. However, according to previous reports, the stable nuclei are supposed to evolve from the vacancies that were induced by the intense electron beam irradiation. 12 Interestingly, the voids did not remain stationary. Instead, anisotropic void growth along one direction was observed ( Fig. 2f and Movie M1).
Furthermore, we found that not only the voids in one set, but also the voids in different sets share a common axis in the ribbon ( Fig. 2g and h) . We sequentially converged the electron beam onto two different spots of the ribbon ( Fig. 2e ). As such, two sets of voids formed in the ribbon, which was followed by growth along their axes (Movies M2 and 3). Clearly, all the voids of different sets are parallel, irrespective of their locations in the ribbon ( Fig. 2g and h ). This observation strongly suggests that the observed kinetics relate to the characteristics of the WZ structure. In Fig. 2h , one can observe that the growth of the voids of different sets leads to their intersection (Movie M3). Notably, most of the voids kept growing without interruption, which suggests that the voids locate in different depth positions in the ribbon. Fig. 2i and j show the void length as a function of time. The approximate linear fit suggests that the void growth is a detachment-limited process of the ribbon. In addition, the void growth was found to be influenced by the intensity of the electron beam. The average growth velocity at different electron dose rates is plotted in Fig. 2k . According to the diagram, the growth speed is positively correlated with the electron dose rate. It is probably the case that at a higher electron dose rate more structural defects were induced through knock-on damage and radiolysis, 22 which accelerates the kinetic process, thus giving rise to a faster growth speed. Temperature is another parameter that influences the growth. An increased temperature (from 600 to 700°C) was found to be able to cause a faster growth speed of voids (see Fig. S4 †) .
Above we have revealed the preferential growth behavior of voids in the ZnS ribbon. However, the growth orientation of voids is still unknown. In order to unveil this information, as well as to learn more about void growth kinetics, an in situ TEM observation during void growth was performed at atomicresolution. A series of time-sequence HRTEM images are shown in Fig. 3a -c. Although the contrast variation due to the void in the figure is not particularly strong, the intensity profiles ( Fig. S5 , ESI †) reveal clear variations in the intensity that are sufficient to track the changes in length with time. The marked lattice fringes along the length correspond to the {0001} planes of ZnS, suggesting that the void advanced along the <0001> direction of the WZ structure (Fig. 3a) . Structural analysis further reveals that the void is enclosed by the {01−10} and {2−1−10} planes (Fig. 3b and c) . The corresponding atomic models for void growth are shown in Fig. 3d -f ( plane view) and 3g-i (cross-sectional view), respectively. It should be mentioned that the voids have a plate-like polyhedron shape according to the Wulff construction ( Fig. 3j ). Due to their elongated geometry, the voids are rich in the {01−10} and {2−1−10} planes, with minor contribution from the {0001} planes. The surface energies of the {01−10} and {2−1−10} planes are much lower than those of the {0001} planes (see Table 1 ). The voids thus tend to minimize their free energy through this shape. In addition, the growth of the void along the <0001> direction shows a tendency to lower the total surface energy of the system, suggesting that the process is thermodynamically driven. WZ ZnS can be described as a number of alternating planes with tetrahedrally coordinated Zn 2+ and S 2− stacking along the [0001] direction (see Fig. 3k ). The oppositely charged ions produce positively charged Zn-terminated (0001) and negatively charged S-terminated (000−1) polar surfaces. 23 Owing to the difference in surface free energy, the reactivity of the (0001) and (000−1) planes is different. We accordingly would expect a difference in the speed of void growth along the [000±1] directions in our system. To examine whether this expectation holds true, we selected three voids growing simultaneously along the [0001] and [000−1] directions, and monitored the growth in length as a function of time (Fig. S6 25 .66 nm for voids 1, 2 and 3, respectively. Thus, there is no preference for growth along either the [0001] direction or the [000−1] direction in the current system. The absence of such a preferential growth mode is likely related to the electron beam irradiation that diminishes the reactivity difference originating from the structural polarity. Other factors, such as different local environment (depth position, neighboring condition), can also influence the kinetics of void growth. The observation of diverse growth lengths of voids 1, 2 and 3 may be supportive of this speculation. In principle, the observed void growth is a process of preferential sublimation on the (0001) and (000−1) facets upon heating and electron beam irradiation. During sublimation, the atoms are detached from the crystal lattice sites and enter the gas phase. As long as the detachment is the dominant process, void growth will be the main kinetic process that we will observe, as these cases shown in Fig. 2 and 3 . However, the example in Fig. 4a-g shows not only void growth, but also, more interestingly, void shrinkage as well as switching of these two competition processes (see the Movie M4). Specifically, it was observed that the preformed voids (marked by i, ii and iii), instead of advancing ahead, retreated back along the [000−1] direction (the direction of void retreat is denoted as the [000−1] direction). This observation is indicative of the detachment no longer being the dominant process; its opposite, i.e., attachment, prevailed instead. The source for the refilling of void largely originates from a re-deposition of gas phase atoms. Alternately, surface diffusion can also lead to void shrinkage. In addition, the observation of void shrinkage without changing their width reveals that the nucleation initialized preferentially on the (0001) facet of the void. This is due to the higher surface energy of the (0001) facet that is favorable for void nucleation (Table 1 ). However, the shrinkage of the void did not last long for void iii. After 72 s, it started to grow along the [0001] direction again. Similar events also occurred for void ii at 82 s. It is interesting to note that, with voids ii and iii both switched to growth mode, void i, however, kept shrinking during this period. Thus, reverse processes occurred in this local area. The voids ii and iii grew for a short time and then shrank once again. The alternation of the voids' length as a function of time is plotted in the diagram shown in Fig. 4h . The schematic illustration of void oscillatory behavior is shown in Fig. 4i -l. The occurrence of such kinetics is probably due to the fluctuation of the local chemical potential that leads to a transitional kinetic state. As such, both sublimation and regrowth occur spontaneously, giving rise to the phenomenon of void growth and shrinkage.
As mentioned above, ZnS can exist in two crystal structures, i.e., WZ and ZB. 24 For nanowires or nanoribbons grown from the vapor phase, it is often observed that the WZ and ZB structures coexist in a single nanowire with an orientation relationship. 25, 26 This is likely due to the structural similarity of WZ and ZB phases, i.e., they both are tetrahedrally coordinated, and the nearest neighbor coordination is the same (see the Fig. S7 †) . The difference lies in the second nearest neighbor positions within the Zn or S sub-lattice. Along the close packed direction ([0001] for WZ and [111] for ZB), the stacking sequence of the WZ structure is AB, whereas for the ZB structure it becomes ABC, as illustrated in Fig. S7 . † The observation of kinetic processes during void evolution in WZ ZnS warrants a comparative study in its structural polymorph, ZB ZnS. In particular, when considering the difference between the WZ Fig. 4 (a-g and ZB phases, a diverse mode in void evolution is expected. In fact, an in situ ESEM study in our previous work has revealed that heating of the ZB crystal will lead to the formation of low surface energy steps and terraces on the crystal surface. 14 However, owing to the low resolution of SEM, the atomic details of the morphological transformation are still missing. To fill this gap in our knowledge, we performed an in situ TEM experiment on ZB structured ZnS under the same conditions as conducted on the WZ ZnS. Instead of using a phase pure ZB ribbon, we selected ribbons where the ZB and WZ phases co-existed (Fig. 1c) . The advantage of using such ribbons is that it not only allows the observation of void formation and evolution in ZB ZnS, but also offers an opportunity to study the kinetic process of void evolution in a complex WZ-ZB-WZ structure upon heating.
We first created voids by focusing the electron beam in a WZ domain that is close to a ZB domain. The voids were observed to grow straight along the [0001] direction after their formation, similar to what is shown in Fig. 3 . When the void arrived at the ZB domain, its elongated shape transformed into a shape that is enclosed with a pair of newly generated {110} planes and a (111) plane as its basal plane ( Fig. 5a and Movie M5). As time passed by, the void became thicker along the projection, leading to the formation of more {110} gener-ations ( Fig. 5b ). Since the {110} planes have the lowest surface energy compared to those of the {100} and {111} planes in ZB ZnS according to our DFT calculation (see Table 2 ), dominance of the {110} surfaces suggests that the void configuration in the ZB structure is driven by thermodynamics. The void kept increasing its area in the ZB domain until the tip of the void reached the upper ZB/WZ phase boundary. After that, the void quickly moved into the WZ region with an accompanying shape transformation from a quasi-parallelogram in the ZB structure into an elongated rectangle in the WZ structure ( Fig. 5c and Movie M5). It is also noteworthy that the void in the ZB domain accordingly showed a significant morphological change during the transfer (Fig. 5d ). It gradually shrank its area through shortening the gap between the {110} planes and finally, it vanished. The whole morphological transformation during void transfer through the WZ-ZB-WZ structure is schematically illustrated in Fig. 5e . On the basis of the above observation, we can conclude that the morphology and evolution behavior of voids are highly structure-dependent, and can be very different among structures. This character may allow one to modulate the void-mediated morphological transformation accordingly for a desired morphology of nanostructures.
Conclusion
In summary, void formation and evolution in semiconducting ribbons upon heating were directly observed at nano-and atomic scales by in situ TEM for the first time. Real-time observation reveals that the voids, initiated by an irradiation with a focused electron beam, present an elongated rectangular shape ( projection view) in the WZ structure with (000±1) as top and bottom surfaces and {01−10} and {2−1−10} as its side surfaces, respectively. The DFT calculations indicate that the morphology of the void resembles the energetic differences in the planes in thermodynamic equilibrium. Driven by thermodynamics to lower the surface energy, the voids grow straight along the <0001> directions from both sides of the voids. Moreover, owing to the fluctuation of the local chemical potential, a transitional state that simultaneously includes void growth and shrinkage is observed. In contrast, voids in the ZB structure show a different morphological evolution pattern. We find that voids in the ZB region are dominated by {110} surfaces. In this region, the morphological evolution of the void is Fig. 5 (a-d) Real-time TEM observation of a void's morphological evolution in the ZB and WZ co-existed ZnS ribbon at 600°C and at an electron dose rate of 1.97 × 10 5 e per nm 2 per s. The morphology of the void is sensitive to the crystal structure. It starts with an elongated rectangular shape in the WZ structure, which transforms into a quasi-parallelogram shape dominated with {110} planes in the ZB structure. When the void moves from the ZB to the WZ structure, it changes back to its original shape, i.e., an elongated rectangular shape; (e) schematic model of a void's morphological transformation in the WZ-ZB-WZ structured domain. accompanied by the formation of more {110} generations through thickening along the projection. Therefore, the void shape and evolution behavior show high sensitivity with respect to the crystallography of ZnS. Our experimental results, together with ab initio calculations, provide important insights into understanding the mechanism of void-mediated morphological transformations, which is of both scientific and technical importance for developing new techniques for fabricating unique nanostructures. 14 Additionally, void formation and anisotropic evolution upon sublimation can be regarded as inverse growth, which opens up new possibilities to study the growth mechanism of crystals. 27 
